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where the source node (s) transmits a frame of coded symbols xs
to the relay node (r) and the destination node (d) during the ﬁrst
transmission period while the relay node ﬁrst decodes the information
and then re-encodes it and ﬁnally transmits a frame of coded symbols
xr to the destination node during the second transmission period. The
communication links seen in Fig. 1 are subject to both long-term free-
space path loss as well as to short-term uncorrelated Rayleigh fading.
Let dab denote the geometrical distance between nodes a and b.
The path loss between these nodes can be modelled by [18]:
P(ab) = K/d
α
ab , (1)
where K is a constant that depends on the environment and α is the
path loss exponent. For a free-space path loss model we have α = 2.
The relationship between the energy E(sr) received at the relay node
and that of the destination node E(sd) can be expressed as:
E(sr) =
P(sr)
P(sd)
Es,d = GsrEsd , (2)
where Gsr is the power-gain (or geometrical gain) [18] experienced
by the source-to-relay link with respect to the source-to-destination
link as a beneﬁt of its reduced distance and path loss, which can be
computed as:
Gsr =
„
dsd
dsr
«2
. (3)
Similarly, the power-gain at the relay-to-destination link with respect
to the source-to-destination link can be formulated as:
Grd =
„
dsd
drd
«2
. (4)
Naturally, the power-gain at the source-to-destination link with re-
spect to itself is unity, i.e. Gsd = 1.
The kth received signal at the relay node during the ﬁrst transmis-
sion period, where Ns number of symbols are transmitted from the
source node, can be written as:
yr,k =
√
Gsr hsr,k xs,k + nr,k , (5)
where k ∈ {1,...,Ns} and hsr,k is the Rayleigh fading coefﬁcient
between the source node and the relay node at instant k, while nr,k
is the AWGN having a variance of N0/2 per dimension. By contrast,
the kth received symbol at the destination node can be expressed as:
yd,k = hsd,k xs,k + nd,k , (6)
where hsd,k is the Rayleigh fading coefﬁcient between the source
node and the destination node at instant k, while nd,k is the AWGN
having a variance of N0/2 per dimension. Similarly, the jth received
symbol at the destination node during the second transmission period,
where Nr number of symbols are transmitted from the relay node,
is given by:
yd,j =
√
Grd hrd,j xr,j + nd,j , (7)
where j ∈ {1+Ns,...,Nr +Ns} and hrd,j is the Rayleigh fading
coefﬁcient between the relay node and the destination node at instant
j, while nd,j is the AWGN having a variance of N0/2 per dimension.
III. DTTCM ENCODER
In our DTTCM scheme, we consider an 8PSK-assisted two-
component TTCM encoder at the source node as well as a QPSK-
assisted RSC encoder at the relay node. Note that the relay transmits
only the parity bits so that the systematic bits are transmitted only
once, which is during the ﬁrst transmission period. Although we
can employ BPSK modulation at the relay, we found that QPSK
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Fig. 2. The schematic of a three-component parallel-concatenated TTCM
encoder. This corresponds also to the DTTCM scheme, when there are no
decoding errors at the relay node.
modulation can still provide a good decoding performance at the
destination node, while reducing the transmission period at the relay
to half of that when employing BPSK modulation. If the relay is
capable of detecting the signals received from the source node without
errors during the ﬁrst transmission period, then we can view the three
encoders employed at both the source and relay nodes as a three-
component parallel-concatenated TTCM encoder, which is depicted
in Fig. 2. The notations u, xs and xr used in Fig. 2 denote the
sequences of the m-bit information symbols, (m + 1)-bit modulated
symbols at the source node and the 2-bit QPSK symbols at the relay
node, respectively. The notations πs and πr in Fig. 2 denote the
symbol-wise random interleaver used at the source node and relay
node, respectively. We do not use code termination for simplicity,
hence the length of the symbol interleavers used at both the source
and relay nodes equals to Ns symbols. The puncturer denoted as Λ
in Fig. 2 is used to improve the overall throughput of the scheme.
We found that a good performance can be achieved by transmitting
only the parity bits generated at the output of the RSC encoder at
the relay node.
Non-binary RSC codes having a generator polynomial of [13 2 4]10
are used as the component codes, where the code rate is given by
R = m/(m + 1) = 2/3. The overall throughput of this two-hop
cooperative scheme can be computed as:
η =
Ni
Ns + Nr
[bps] , (8)
where Ni is the number of information bits transmitted within a
duration of (Ns + Nr) symbol periods. Again, Ns is the number
of modulated symbols per frame from the source node and Nr is
the number of modulated symbols per frame from the relay node.
Since no code termination is used, we have Ni = m Ns. The
conventional two-component TTCM scheme has a throughput of
η = m/(m+1)×log2(8) = 2 bps due to the employment of 8PSK
modulation and a selector that punctures away the even-position
coded symbols from the upper TTCM component encoder as well as
the odd-position coded symbols from the lower TTCM component
encoder. Note that the number of symbols per transmission burst at
the relay node is given by Nr = Ns/2 due to the employment of
QPSK modulation and a puncturer that removes all systematic bits.
Hence, the overall effective throughput of the DTTCM scheme is
given by η = (m Ns)/(Ns + 0.5Ns) = 1.3333 bps. The Signal